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Abstract 
Diallyl disulfide (DADS), an oil-soluble organosulfur compound in processed garlic, was more effective in inhibiting the in vitro 
growth of human tumor cell lines: HCT-15 (colon), A549 (lung), and SK MEL-2 (skin) than isomolar quantities of the water-soluble 
compound S-allyl cysteine (SAC). Addition of DADS (100/zM) was cytostatic to all three cell lines. The importance of the allyl and the 
disulfide groups were revealed by the lack of a comparable depression i  the growth of HCT-15 cells exposed to its saturated analogue, 
dipropyl disulfide (DPDS). Treatment with DADS also resulted in a dose-dependent i crease in intracellular f ee calcium in cells. A 
dose-dependent decrease in the activity of calcium-dependent ATPase enzyme occurred in HCT-15 cells exposed to increasing quantities 
of DADS. A correlation (r = -0.975) was found between the intracellular free calcium levels and the Ca-ATPase activity in 
DADS-treated cells. These studies document that DADS, a constituent of garlic oil, is an effective inhibitor of the growth of human 
neoplastic ells. Alterations in calcium homeostasis are likely involved in the growth inhibition/cytotoxicity caused by DADS. 
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1. Introduction 
Extensive laboratory, epidemiological nd clinical data 
support a role of diet as a major determinant of cancer 
incidence and severity [1-3]. These observations suggest 
various dietary macro- and micro-constituents can signifi- 
cantly alter the initiation and promotion phases of cancer. 
Garlic (Allium sativum), has been identified as one of the 
dietary constituents that may alter the cancer process [4- 
17]. Although few in number, epidemiological studies do 
indicate that an inverse relationship exists between the 
consumption of garlic and the incidence of cancer [8-10]. 
Many in vivo experiments, using chemical induction mod- 
els, have revealed the antitumorigenic a tivity of garlic and 
related allyl sulfur compounds [7,11-14]. Overall, studies 
have shown that consumption of garlic and associated 
sulfur compounds causes a reduction in colon, esophageal, 
pulmonary, skin, fore stomach and breast cancer. Garlic, 
its oil and isolated sulfur compounds, are also effective 
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inhibitors of the promotion phase of chemically induced 
skin tumors [15]. The depression in skin tumors is accom- 
panied by a suppression in the activities of epidermal 
lipoxygenase and ornithine decarboxylase [ 15,16]. 
Previous studies from our laboratory demonstrate hat 
selected sulfur compounds present in processed garlic are 
effective inhibitors of the growth of canine mammary 
tumor cells in culture [17]. These studies have revealed 
that oil-soluble organosulfur compounds in garlic such as 
diallyl sulfide, diallyl disulfide (DADS), and diallyl trisul- 
fide were effective in inhibiting the in vitro growth of 
cells, while the water-soluble compounds S-allyl cysteine 
(SAC), S-ethyl cysteine, and S-propyl cysteine had little or 
no inhibitory effects [17]. Since DADS is reported to 
contribute about 60% of garlic's essential oil [5], it may be 
a factor in the observed relationship between garlic intake 
and human cancers incidence, although several sulfur com- 
pounds known to be present in this fraction may also be 
responsible. 
The antiproliferative effects of specific organosulfur 
compounds within processed garlic may relate to alter- 
ations in cytoplasmic and membrane thiols. Thiols are 
recognized as one of the most reactive and ubiquitous 
ligands in the biological system. Exposing cells to some 
disulfides is known to modify cellular thiols and modify 
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key proteins involved in cellular functions and thus growth 
[18]. Disruption of thiol homeostasis is frequently followed 
by perturbations in intracellular calcium and ATP home- 
ostasis [18-20]. Disruption of the mechanisms that regu- 
late intracellular calcium homeostasis has been an early 
event in the development of irreversible cell injury. Exces- 
sive or prolonged elevation of free calcium levels in cells 
is recognized to alter the activity of several calcium-depen- 
dent degradative and oxidative enzymes that cause DNA 
fragmentation [21]. The influence of selected allyl sulfur 
compounds in processed garlic on intracellular thiol and 
calcium homeostasis remains to be determined. 
The present studies were designed to determine the 
antiproliferative effects of water- and oil-soluble allyl sul- 
fur compounds in processed garlic on human colon tumor 
cells. Additional studies focused on the possible mecha- 
nism(s) accounting for differences in the observed antipro- 
liferative ffectiveness of these compounds. 
2. Materials and methods 
SAC, a water-soluble allyl sulfur compound and DADS, 
an oil-soluble allyl sulfur compound, were examined for 
their ability to alter the in vitro growth and metabolism of 
the human colon tumor cell line, HCT-15. The cell line 
was purchased from American Type Culture Collection 
(ATCC). This cell line was chosen because of its tissue 
origin and additional justification comes from its inclusion 
in screening cultures recommended by the National Cancer 
Institute for testing of potential antineoplastic agents [22]. 
SAC was provided by Wakunaga of American Co. (Mis- 
sion Viejo, CA). DADS was purchased from Fluka 
Chemika (Ronkonkoma, NY). DMSO was used to solubi- 
lize the oil-soluble organosulfur compounds. An equivalent 
amount of DMSO was added to control cultures. The 
chemical structures of these allyl/disulfide compounds are 
as indicated below: 
DADS DPDS 
CHz=CH-CH2-S -S -CH2-CH =CH 2 CH3-CH2-CH2-S -  S -CH2-  CH2-  CH3 
SAC 
NH2 
i 
CH2 = CH - CH 2 - S - CH2 - CH - COOH 
2.1. Culture conditions 
In all experiments, cells were plated at 4 × 103/cm 2
from a single pellet into tissue culture flasks and grown at 
37°C under a humidified, 5% CO 2 atmosphere in RPMI 
1640 medium (Sigma Chemicals, St. Louis, MO) supple- 
mented with 10% fetal bovine serum and 2 mM glutamine 
(GIBCO BRL., Grand Island, NY), 1% penicillin/strepto- 
mycin (10000 U penicillin/ml and 10 mg/ml strepto- 
mycin) and 1 /~g insulin/rnl [17]. Cultures were plated for 
24 h before the initiation of experimental procedures. 
2.2. Effects of organosulfur compounds on cell prolifera- 
tion 
Exp. 1 determined the growth of HCT-15 cells after a 
48 h exposure to 500 /xM SAC or DADS. Exp. 2 evalu- 
ated the effects of SAC and DADS at 100 and 500 /zM 
concentrations on HCT-15, A549, and SK MEL-2 cell 
lines. Subsequent experiments use HCT-15 cells to further 
characterize the mechanism of action of DADS. Experi- 
ment 3 examined the impact of increasing quantities of 
DADS (0-500 /xM) on the growth of HCT-15 cells. Exp. 
4 compared cells exposed to dipropyl disulfide (DPDS) 
and DADS for 48 h. 
Cells were harvested by trypsinization (0.025% 
trypsin-EDTA), diluted with RPMI-1640, removed by gen- 
tie scraping, centrifuged at 500 × g and used for specific 
measurements a indicated below. The cell pellet was 
suspended in phosphate-buffered saline (pH 7.0) and used 
for cell count and viability measurements. Viable cells 
were detected using Trypan blue exclusion and counting 
on a hemocytometer. Growth (% control) was determined 
using the following equation, where the original mean 
count is defined as the mean cell count at the time of 
addition of the test compounds (24 h after plating): 
Growth Inhibition (%) 
=  ,00 
2.3. Effects of SAC/ DADS on intracellular free calcium 
concentrations 
Alterations in intracellular free calcium in individual 
cells were examined using the Ca2+-sensitive dye, Indo- 
1/AM by ACAS 570 Interactive laser cytometry (Meridian 
Instruments, Okemos, MI) as described by Dyer et al. [23]. 
HCT-15 cultures were loaded with 2 /zM Indo-l /AM in 
Indo loading buffer for 20 min at 37°C. Selected cells were 
then image-scanned with fluorescence optics to determine 
the distribution of Indo-I in cells. Indo-I was excited at 
388 nm and Ca2÷-bound Indo-1 was monitored at 405 nm 
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and unbound was monitored at 485 nm. The ratio of the 
fluorescence values taken at 405 and 485 nm during each 
scan were normalized against basal Ca 2+ concentrations 
and are reported as percentage of controls. Exp. 5 deter- 
mined the effects of DADS (0-500 /aM) treatment for 3 h 
on the intracellular calcium concentrations. Exp. 5 exam- 
ined the kinetics of calcium changes in DADS/SAC (500 
/aM) treated cells. The source of increased intracellular 
calcium was also investigated by adding EGTA (2 raM) to 
the medium before the addition of DADS. The involve- 
ment of thiols in calcium homeostasis was evaluated by 
treating the cells with a widely used thiol blocker, N-ethyl- 
maleamide (NEM). 
2.4. Effects of SAC / DADS on calcium-dependent A TPase 
actil~iO, 
4 
2 
0 
Fig. 1. Effect of adding SAC and DADS on the growth of HCT-15 cells. 
Ceils initially plated at 4× 103 cel ls/cm 2 in tissue culture flasks were 
allowed to grow for 24 h before addition of 500 /aM SAC or DADS to 
the culture medium. Each bar represents the mean cell growth after 48 h 
of treatment. Values are the means_+ S.E.M. (17 = 3). Bars not sharing a 
common letter within a cell line differ significantly (P  < 0.05). 
The influence of a 3-h exposure to SAC or DADS on 
the activity of Ca-ATPase enzyme activity was determined 
in Exp. 6. Cells were washed in sucrose-acetate buffer and 
used for isolation of membrane fraction [24]. For isolation 
of the membrane fraction, cells were attached to polyacryl- 
amide beads (Affi Gel 731) and treated as described [24]. 
This procedure yields a highly purified preparation of 
membrane fragments attached to the beads and contamina- 
tion with mitochondria nd microsomes i negligible [24]. 
Ca2*-ATPase activity was assayed according to the proce- 
dure of Qin et al. [25]. 
2.5. Statistical analysis 
the concentration to 100 /aM resulted in complete cell 
growth arrest. On further increasing the concentration to 
500 /aM, cell death was observed. Greater toxicity was 
observed with prolonged exposure of cells to 100 and 500 
/xM DADS. The equation and significance of the correla- 
tion describing the relationship between the amount of 
DADS added to the culture and the percent growth inhibi- 
tion are y = 18.749 - 0.2248x; (r  = 0.84, P < 0.05). 
Fig. 4 shows the growth inhibitory effects of a non-allyl 
compound on HCT-15 cells. DADS, but not its saturated 
analogue DPDS, was effective in inhibiting the growth of 
HCT-15 cells. 
Three separate cultures per treatment were utilized for 
analysis in each experiment. Differences were detected 
using one-way analysis of variance, followed by Fisher's 
least significant difference test [26] (Statview 512+;  
Abascus Concepts, Calabasas, CA). Linear correlations 
were determined as described by Steel and Torrie [26]. 
3. Resu l ts  
3.1. Effects of organosulfur compounds on cell prolifera- 
tion 
Addition of up to 500 ~M SAC did not cause an 
inhibition in the growth of HCT-15 cells while isomolar 
quantities of DADS resulted in cell death in all three cell 
lines (Fig. 1). Treatment of human lung (A549) and skin 
(SK MEL-2) tumor cells with 100 or 500 /aM DADS 
resulted in a significant growth inhibition (Fig. 2). Similar 
to the results with HCT-15, SAC did not influence the 
growth of any of these cell lines. 
Fig. 3 reveals an inverse relationship between the quan- 
tity of DADS added to the culture medium and the per- 
centage growth inhibition of HCT-15 cells. Exposure to 5 
/aM DADS did not cause an alteration in growth. While 50 
/aM DADS resulted in 28% growth inhibition, increasing 
3.2. Effects of DADS on intracellular f ee calcium concen- 
trations 
Treatment of HCT-15 cells with 50 to 500 #M DADS 
for 3 h resulted in a dose-dependent increase in intra- 
200 
e~ 
.2 1so 
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50  
0 
• SAC 1oo  ~M 
SAC 500 BM 
[ ]  OAOS 100 ~M 
DADS 500 ~M 
b b 
HCT-I 5 A549 SK MEL-2 
Human Tumor  Ce l l  L ines  
Fig. 2. Effect of adding SAC and DADS on the growth of HCT-15 
(colon), A549 (lung) and SK MEL-2 (skin) cells. Cells initially plated at 
4× 103 cel ls /cm 2 in tissue culture flasks were allowed to grow for 24 h 
before addition of 100 and 500 /xM SAC or DADS to the culture 
medium. Each bar represents the percent growth inhibition after 24 h of 
treatment. Values are the means S.E.M. (n = 3). Bars not sharing a 
common letter within a cell line differ significantly (P  < 0.05). 
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Fig. 3. Impact of increasing quantities of DADS on the growth of 
HCT-15 cells. Cells were plated at 4× 103 ce l l s /cm ~ and growth was 
assessed 48 h after treatment. The percent growth inhibition is calculated 
as described in Section 2. Values are the means + S.E.M. (n = 3). 
cellular free calcium (Fig. 5a). The magnitude of rise in 
free calcium ranged from 110 to 190% of values in control 
untreated cells. 
3.3. Effects of SAC / DADS on calcium-dependent ATPase 
activity 
A dose-dependent decrease in the activity of the en- 
zyme Ca-ATPase occurred in HCT-15 cells exposed to 
increasing quantities of DADS for 3 h. Exposure to 50 
/xM DADS resulted in about an 11% decrease in the 
enzyme activity (Fig. 5b). At 500 /xM DADS, the activity 
of the enzyme was reduced to approx. 72% of the control 
cells. A negative correlation (r = -0 .991)  was observed 
between the activity of the enzyme and the amount of 
DADS added to the culture. Treatment with SAC (500 
/zM) increased the enzyme activity by about 18% of that 
of untreated cells. 
Fig. 5c reveals the inter-relationship between changes in 
intracellular calcium, Ca-ATPase enzyme activity, and cell 
5 
trol ~n 4 
"~ S 
~ 3 s 
r~ 2 
1 
0 
Treatment  
Fig. 4. Influence of adding non-allyl sulfur compound on the growth of 
HCT-15 cells. Cells initially plated at 4 × 103 ce l l s /cm e in tissue culture 
flasks were allowed to grow for 24 h before addition of 100 /.~M DADS, 
and dipropyl disulfide (DPDS). Each bar represents the mean cell growth 
+S.E.M. after 48 h of treatment (n= 3). Bars not sharing common 
letters differ significantly (P  < 0.05). 
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Fig. 5. a: Effect of DADS on the intracellular free calcium levels in 
HCT-15 cells. Cells were incubated with varying quantities of DADS for 
3 h and analyzed for free calcium content. Values are the means + S.E.M. 
of measurements for 12-14 cells from each of three cultures per treat- 
ment. The equation and significance of the correlation are y = 48.5+ 
41.15*Log(x) ,  r = 0.996. b: Effect of DADS on Ca-ATPase enzyme 
activity in HCT-15 cells. Cells were incubated with varying quantities of 
DADS for 3 h and the enzyme activity was determined by measuring the 
inorganic phosphate liberated uring hydrolysis of ATP. Values are the 
means+ S.E.M. of measurements of three cultures per treatment. The 
equation and significance of the correlation are y = 132 .74-  
22.19 * Log(x),  r = - 0.991. c: Relationship between intracellular cal- 
cium levels, Ca-ATPase enzyme activity, and growth inhibition observed 
in DADS treated HCT-15 cells. Data are from the same experiment as in 
Figs. 4a, 4b, and 2. The equation and significance of the correlation 
between Ca-ATPase enzyme activity and intracellular calcium levels ( • ) 
are y= 147.9 -0 .462x,  r=-0 .975 .  The equation and significance of 
the correlation between intracellular calcium levels and growth inhibition 
(O)  are y=-219.19+2.196x ,  r = 0.959. 
proliferation resulting from treatment with DADS. Intra- 
cellular free calcium was inversely correlated with Ca- 
ATPase enzyme activity (r = -0.975).  
Addition of 500 /~M DADS caused an approximate 
3-fold increase in intracellular free calcium concentrations 
S. G. Sundaram, J.A. Milner / Biochimica et Biophysica Acta 1315 (1996) 15-20 19 
300 
~" 200 
= N 
• DADS 
2 rain 4 min 10 min 
Time 
Fig. 6. Kinetic analysis of free calcium levels in HCT-15 cells. The cells 
were loaded with 2 p,M Indo-1/AM for 20 min. After selecting 5-8 
cells/culture, scanning was initiated. After taking about 5 basal scans, 
DADS, SAC or NEM (500 /~M) were added to the medium and 
intraceIlular calcium was monitored using ACAS 570 laser cytometer. 
EGTA (2 raM) was added to the medium before addition of DADS to 
investigate the source of increased intracellnlar calcium. Each bar repre- 
sents the ratio of fluorescence scanned at 485 and 405 nm as percentage 
of control values. Bars not sharing common letters differ significantly 
(P < 0.05). 
within 4 min (Fig. 6). A rapid and sustained increase in 
intracellular calcium concentrations was observed follow- 
ing DADS treatment. Pretreatment with a calcium chelator, 
EGTA, did not prevent he increase in intracellular calcium 
caused by DADS treatment (Fig. 6). However, the magni- 
tude of the increase in intracellular calcium at 4 min was 
not as great in the presence of EGTA as it was in its 
absence. By 10 min EGTA did not cause an observable 
effect on the increase in intracellular free calcium caused 
by DADS. Addition of SAC did not increase free calcium 
levels in HCT-15 cells (Fig. 6). 
The effects of N-ethyl maleamide (NEM) (500 /zM), a 
known thiol blocker, was compared with DADS for its 
ability to modify intracellular calcium. NEM treatment 
resulted in a progressive increase in intracellular calcium 
that was approx. 175% of control values by 10 min. NEM 
caused a different temporal response in intracellular cal- 
cium concentrations than DADS, although the magnitude 
of the increase in intracellular f ee calcium at 10 min was 
similar (Fig. 6). 
4. Discussion 
The present studies indicate DADS, an oil-soluble sul- 
fur compound present in garlic is more effective in inhibit- 
ing the growth of three human tumor cell lines (HCT-15, 
A549, SK MEL-2), than isomolar quantities of the water- 
soluble sulfur compound, SAC. The efficacy of DADS did 
not relate to the growth rate of cells or the tissue origin 
since it was effective across all cell lines examined. Data 
from other laboratories indicate ajoene and SAC can in- 
hibit the growth of neuroblastoma cells in vitro [27,28]. 
The apparent inconsistencies in the efficacy of SAC be- 
tween our investigations and those of Welch et al. [28] 
possibly relate to the quantity added to the incubation 
medium or to the cell type examined. Welch et al. [28] 
added 4-16 mM SAC, while our studies were conducted 
with exposures to 500 /zM or less. Limited evidence also 
suggests that some tissues may vary in their uptake and/or 
response to exposure to sulfur compounds present in garlic 
[29]. Collectively cell type, and probably more explicitly 
specific alterations in constitutive nzymes or substrates, 
and the quantity of the allyl compounds provided may 
determine their ability to inhibit cell growth. 
Interestingly, these investigations suggest his human 
tumor cell line is more sensitive to DADS than previously 
observed in an established canine mammary cell line, since 
cell death was observed at concentrations previously shown 
to cause only a growth inhibition [17]. Nevertheless, these 
data are consistent with earlier studies that demonstrated 
growth was progressively inhibited when DADS was pro- 
vided at concentrations below 500 /zM. 
The present studies demonstrate he importance of both 
the allyl group and the disulfide group in the growth 
inhibition caused by DADS. Providing 100/~M DPDS, the 
saturated anlogue of DADS did not inhibit the growth of 
HCT-15 cells. Similarly, Sumiyoshi et al. [7] reported that 
organosulfur compounds containing an allyl group were 
effective in inhibiting dimethylhydrazine-induced olon 
cancer, whereas the saturated analogues containing the 
propyl group did not. These data further emphasize the 
importance of the unsaturated allyl group linking the disul- 
fide. Nevertheless, the presence of the allyl group alone is 
insufficient to account for the growth inhibition since SAC 
was not effective. The present studies suggest both the 
allyl and disulfide groups are needed for maximum growth 
inhibition and change in intracellular calcium. 
Perturbations in calcium homeostasis induced by altered 
sequestration, extrusion, or transport, and the accompany- 
ing increase in cytosolic Ca 2+ are associated with cell 
injury [30]. Consistent with these observations, the present 
data reveal that DADS induced a dose-dependent i crease 
in intracellular f ee calcium levels within 3 h of treatment. 
The rise in intracellular calcium levels was observed within 
4 min after DADS treatment. This rapid increase was 
observed following DADS, but not SAC, treatment. 
DADS-induced increase in Ca 2+ could occur by several 
mechanisms including increased influx, decreased extru- 
sion, decreased sequestration from intracellular organelles, 
and/or release from the intracellular organelles [30]. The 
present studies show that a sustained increase in the cy- 
tosolic Ca 2+ concentrations following DADS treatment 
occurred even in the presence of EGTA. Thus, an influx of 
extracellular calcium is probably not the primary contribu- 
tor to this increase. However, the magnitude of increase in 
intracellular Ca 2+ was reduced at 4 min when cells were 
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pretreated with EGTA, indicating the temporary involve- 
ment of an influx of the extracellular calcium. Studies 
from other laboratories have also reported a similar in- 
crease in intracellular calcium after treatment with the 
inorganic sulfides, sulfur mustard and the disulfide, disulfi- 
ram [19,31]. Jatoe et al. [19] showed that not all sulfides 
cause alterations in intracellular calcium concentrations. 
Impaired cellular extrusion of calcium may explain the 
persistent increase in intracellular Ca 2+ following DADS 
treatment. Membrane bound Ca 2 +-ATPase is recognized to 
be involved in the active extrusion of calcium from within 
the cell to maintain cytosolic Ca 2+ concentrations. The 
activity of calcium-dependent ATPases is known to be 
sensitive to the thiol status of the cell and has been shown 
to be depressed by some thiol modifiers [19,24]. In the 
present studies increasing exposure to DADS resulted in a 
dose-dependent decrease in Ca 2÷ ATPase. SAC treatment 
did not cause a similar response in Ca 2+ ATPase activity. 
Further evidence for the involvement of thiols in the 
alterations in calcium homeostasis induced by DADS 
comes from comparison with the known thiol blocker 
NEM. Although NEM treatment did not exactly mimic the 
response to DADS, it did cause a sustained increase in 
calcium. Differences between DADS and NEM may be 
associated with differences in their ability to bind to 
specific cellular/membrane proteins. 
In summary, the present study shows that DADS, an 
oil-soluble sulfur compound present in garlic, is effective 
in inhibiting the proliferation of human tumor cells in 
culture. Results of our present studies also reveal that 
disturbance of thiol and calcium homeostasis are correlated 
with the observed antiproliferative ffects of DADS. 
Whether or not DADS-induced disturbances in calcium 
homeostasis leads to apoptosis of tumor cells is to be 
determined. 
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